Cerebral ischemia induces the expression of a number of proteins that may have an important influence on cellular injury. The purpose of this study was to com pare the regional effects of hypoxia-ischemia on the ex pression of the proto-oncogene, c-fos, and the heat shock protein-70 (HSP-70) gene in developing brain. Unilateral hypoxia-ischemia was produced in the brain of immature rats (7, 15, and 23 days after birth) using a combination of carotid artery ligation and systemic hypoxia (8% 02)' Af ter recovery for 2 and 24 h, the regional expression of c-fos and HSP-70 mRNA was determined using in situ hybridization. Littermates were permitted to recover for 1 week for assessment of histologic injury. Hypoxia ischemia increased the expression of both c-fos and HSP-70 mRNA, but the topography of expression varied with the age of the animal as well as the mRN A species. In the 7-day-old group, expression of c-fos at 2 h increased in multiple regions of the ipsilateral hemisphere in nearly
one-half of the animals, while HSP-70 mRNA was not expressed until 24 h and, then, predominantly in the hip pocampus. In 15-and 23-day-old rats, expression of c-fos was increased at 2 h in the entorhinal cortex and in the dendritic field of the upper blade of the hippocampal den tate gyrus, while HSP-70 mRNA was prominently ex pressed in neocortex and the cell layers of the hippocam pus. Interestingly, the strong expression of HSP-70 mRNA in dentate granule cells did not occur in the inner most layer of cells. By 24 h of recovery, expression of c-fos had nearly normalized in all age groups, while HSP-70 mRNA was expressed in 15-and 23-day-old rats in many regions, including those undergoing histologic in jury. These results suggest that expression of c-fos and HSP-70 mRNA may be useful regional markers of cell stress following hypoxia-ischemia. Key Words: Hypox ia-Ischemia-Neonatal-Stress proteins-Heat shock protein-70--c-fos.
Although their functions are not well understood, the heat shock proteins are believed to increase the cellular resistance to such stresses as ischemia (Chopp et aI., 1989; Kirino et aI., 1991) . Although the ischemic induction of HSP-70 has been well studied in adult animals (for review, see Nowak, 1990) , expression of HSP-70 in developing brain fol lowing hypoxic-ischemic insults has not been well characterized. Therefore, one of the aims of the present study was to determine the regional effects of hypoxia-ischemia on HSP-70 expression in ani mals at several stages of development.
Cerebral hypoxia-ischemia also increases the ex pression of the proto-oncogene, c-fos (Jorgensen et aI., 1989; Onodera et aI., 1989; Gunn et aI., 1990; Welsh et aI., 1992) . The protein encoded by c-fos functions as one component of a transcriptional ac tivating system (for review, see Morgan and Cur ran, 1991) . Thus, the induction of c-fos may modu-late the transcription of genes encoding proteins that have important functions in the recovery pro cess following hypoxia-ischemia. However, HSP-70 is not one of the c-fos target genes since it lacks the requisite AP-l binding site. Again, the effect of hypoxia-ischemia on c-fos expression has not been well characterized in immature brain. Thus, a sec ond objective of the present work was to examine the regional expression of c-fos following hypoxia ischemia in perinatal animals of different ages. In addition, the regional expression of c-fos was com pared to that of HSP-70 mRNA, using adjacent tis sue sections. Finally, the regional distribution of histologic injury, assessed in separate animals, was compared to regional induction of c-fos and HSP-70 mRNA. Preliminary results of this study have been presented previously Blumenfeld et aI., 1991) .
METHODS

Preparation of animals
Unilateral hypoxia-ischemia was produced in imma ture rats using a modification of previously described methods (Levine, 1960; Rice et aI., 1981) . Sprague Dawley rats of either sex, aged 7, 15, or 23 days, were anesthetized with a mixture of halothane (4% for induc tion, 1% for maintenance), O2 (40%), and N2. The com mon carotid artery on the left side was exposed through a neck incision, separated from the nerve and vein, and ligated with 4-0 surgical silk. After suturing the neck in cision, the pups were permitted to recover in a box main tained at 35°C. Once the pups had fully emerged from anesthesia, they were returned to their dam. After recov ery for 3 h, the pups were placed in glass jars, 450 ml in volume, through which was passed a mixture of 8% O2 in N2• The jars were partially submerged in a 3SOC water bath to maintain core temperature. In a subset of pups, the skin temperature was 35-36°C in 7 day olds, and the rectal temperature was 36-37°C in 15 day olds and 36.5-37SC in 23 day olds during hypoxia.
The duration of exposure to 8% O2 was varied accord ing to the age of the animal. In preliminary experiments, it was determined that 90 min of hypoxia produced no histologic injury in 7 day olds, selective neuronal injury in 15 day olds, and massive infarction in 23 day olds. How ever, 150 min of hypoxia in 7 day olds, 90 min in 15 day olds, and 30 min in 23 day olds produced selective neu ronal necrosis in each of the age groups with only occa sional infarction. These durations of hypoxia, therefore, were employed for all of the litters of the present study. Following the episode of hypoxia, the pups were returned to their dam for a period of recovery up to 1 week. Con trol littermates underwent either carotid ligation without exposure to hypoxia or were exposed to hypoxia without carotid ligation.
In situ hybridization
At 2 and 24 h of posthypoxic recovery, animals were killed with CO� and the brains were removed and frozen in a bed of dry ice. In situ hybridization was performed using previously described methods (Welsh et aI., 1992) . In brief, brain sections were cut at a thickness of 15 J.!-m in J Cereb Blood Flow Me/ab, Vol. 12. No.6, 1992 a cryostat at -lloC, dried on glass slides, fixed in 4% paraformaldehyde, and rinsed with 20x SSC (0.3 M Na citrate, 3 M NaCl). HSP-70 mRNA was detected using a 30-mer oligonucleotide with the following sequence: 3' GG TAC CAC GAC TGG TTC TAC TTC CTC TAG C-5' (Nowak et aI., 1990a) . This oligonucleotide, which is re ported to be specific for the inducible form of HSP-70 mRNA (Miller et aI., 1991) , corresponds to a highly con served region of the HSP-70 coding sequence, amino ac ids 122-129 of human HSP-70 (Hunt and Morimoto, 1985) . The mRNA for c-fos was detected using a 30-mer oligonucleotide with the following sequence: 3' -TGT GTC CTG AAA ACG CGT CTA GAC AGG CAG-5'. This sequence is complementary to base numbers 270-299 of rat c-fos mRNA (Curran et aI., 1987) . The oligo nucleotides were labeled on the 3' end with e5S]dATP, using terminal transferase. The labeled oligonucleotides were isolated and hybridized to tissue sections overnight at 37°C in 4x SSC. After rinsing for 2 h each in 1 x SSC and 0.5x SSC at 37°C, the sections were dried and placed in contact with Kodak (Rochester, NY, U.S.A.) XAR film for 1-2 weeks. Changes of expression in predeter mined regions of the ipsilateral hemisphere were graded using a three-point scale (0 = no increase, + 1 = mod erate increase, and + 2 = strong increase), relative to homologous regions of the contralateral hemisphere. Changes in expression in the contralateral hemisphere (two animals) were detected by comparing one region to another within the hemisphere.
In a few cases, cellular localization of HSP-70 mRNA was determined with an immunocytochemical method employing digoxigenin-Iabeled oligonucleotides Lewis et aI., 1990) . In brief, the oligo nucleotides were labeled on the 3' end with digoxigenin ll-dUTP (Boehringer Mannheim, Indianapolis, IN, U.S.A.) using terminal transferase. After isolating the la beled oligonucleotides, hybridization was carried out with procedures identical to those used with the 3 5S_ labeled probes. The hybridized sections were blocked with a solution of 2% sheep serum and 0.3% Triton X-l00 (45 min), and reacted for 3-5 h at room temperature with dilutions (1: 100, 1 :200, and 1 :500) of sheep antidigoxige nin conjugated with alkaline phosphatase (Boehringer Mannheim). After rinsing, the sections were incubated overnight at room temperature with nitro blue tetrazolium and X-phosphate (5-bromo-4-chloro-3-indolyl-phos phate).
Histology
After recovery for 1 week, animals were killed with CO2, and the brain was removed and frozen in a bed of dry ice. Frozen sections were cut at a thickness of 15 J.!-m, air dried on glass slides, fixed in formalin/acetic acid, and stained with acid fuchsin and thionin. Acid fuchsin stains the cytoplasm of injured, acidophilic neurons bright red (Auer et aI., 1984) . In addition, neuronal loss is evidenced by a reduction in thionin staining.
In each animal, histologic injury was assessed in the cerebral cortex, basal ganglia, hippocampus, and thala mus by examining stained sections at five coronal levels of brain, extending from the head of the caudate to the ventral hippocampus. Irtiury was graded on a four-point scale: 0, no injured neurons; 1, few injured neurons; 2, many injured neurons; and 3, nearly all neurons injured. In the hippocampus, injury was assessed separately in the CAl subfield, CA 3 subfield, and dentate gyrus.
RESULTS
Behavioral recovery
Mortality was less than 5% in each of the age groups tested. Behavioral abnormalities included tachypnea and lethargy during the first 30 min fol lowing hypoxia. However, during the I-week re covery period, animals gained body weight at a rate similar to that of unoperated littermates. Focal mo tor deficits and seizures were not observed, except in two 23-day-old animals that were excluded from the study.
Gene expression
Hypoxia-ischemia caused alterations in gene ex pression that were confined, with two exceptions, to the hemisphere ipsilateral to the carotid ligation. Carotid artery ligation alone (23 day olds) did not alter the expression of c-fos or HSP-70 mRNA at 2 h (n = 5) or 24 h (n = 5) postligation.
In 7-day-old rats, hypoxia-ischemia caused a widespread increase in the expression of c-fos mRNA in the ipsilateral hemisphere of several ani mals by 2 h of recovery ( Fig. la and Table O . How ever, at this time, expression of HSP-70 mRNA was not detected, except in the ependymal lining of the ipsilateral ventricle ( Fig. Ib, arrow) . At 24 h, ex pression of c-fos was not detectably increased out side the hippocampus, while the strongest expres sion of HSP-70 mRNA occurred in CA3 hippocam pu s of several animals (Fig. Ic, arrow) . In 2 of 15 animal s at 24 h, expression of HSP-70 was slightly increased in the outer layers of the ipsilateral neo cortex.
In I5-day-old animals at 2 h of recovery, expres sion of both c-fos and HSP-70 mRNA was increased in many regions of the ipsilateral hemisphere ( Fig. 2 and Table I ). However, the topographic distribu tion of c-fos was strikingly different from that of HSP-70 mRNA. Thus, within the hippocampus, the dendritic fields of the upper blade of the dentate gyrus strongly expressed c-fos ( Fig. 2a, arrow) , but not HSP-70 mRNA. Dendritic expression of c-fos occurred in all four animals exhibiting c-fos expres sion in the dentate gyrus (Table I ). In addition, in the entorhinal cortex, expression of c-fos ( Fig. 2a , arrowhead) was more intense than that of HSP-70 mRNA (Fig. 2b, arrowhead) . At 24 h of recovery, while expression of c-fos was slightly increased in the contralateral CA4 hippocampus and entorhinal cortex of several animals (Fig. 3a, arrows) , strong expression of HSP-70 occurred in many regions of the ipsilateral hemisphere (Fig. 3b) .
In 23-day-old animals, alterations in gene expres sion 2 h after hypoxia-ischemia resembled those in 15 day olds ( Fig. 4 and Table I ). Thus, in the ipsi lateral hippocampus, c-fos was typically expressed in the dendritic field of the dentate gyrus ( Fig. 4a , arrow), while HSP-70 mRNA was expressed in the pyramidal and dentate granule cell layers, as well as in the neocortex with the strongest expression oc curring in layer 3 (Fig. 4b) . Within the dentate gran ule cell layer, cells in the outer two-thirds of the Grades of expression: 0 = no increase. + 1 = moderate increase, + 2 = strong increase.
layer exhibited strong expression of HSP-70 mRNA, while those in the innermost layer did not ( Fig. Sa) . At 24 h of recovery, expression of c-fos was increased in CAl pyramidal neurons in the ip silateral hippocampus (Fig. 6a, arrow) , while strong expression of HSP-70 occurred throughout the py ramidal cell layer and in the outer layers of neo cortex (Fig. 6b ). Within the neocortex, columnar variations of HSP-70 mRNA expression were evi dent ( Fig. 6b, arrowheads) . In striatum and thala mus, expression of HSP-70 mRNA was moderately increased both at 2 and 24 h of recovery (Table 1) .
Histologic injury
Histologic injury was not detected in animals ex posed to hypoxia alone, in those with carotid liga tion alone, or in the contralateral hemisphere of li gated animals exposed to hypoxia. In the ipsilateral hemisphere of ligated animals, histologic injury typ ically consisted of selective neuronal necrosis, as evidenced by the presence of condensed, acido philic neurons. Frank infarction was rarely ob served. In the neocortex of all age groups, the py ramidal neurons in layer 3 were most vulnerable, with patches of acidophilic neurons often alternat ing with patches of normal neurons. In 7-day-old animals, histologic injury occurred most frequently J Cereb Blood Flow Metab, Vol. 12, No. 6, 1992 in cerebral cortex, followed by striatum, hippocam pus, and thalamus (Fig. 7) . Within the hippocam pus, injury occurred more frequently in CA3 than in CAl pyramidal neurons. In 15 day olds, the cortex and hippocampus were more vulnerable than stria tum and thalamus. Within the hippocampus, injury occurred in both CAl and CA3 subfields and, to a lesser extent, in dentate gyrus. Finally, in 23 day olds, histologic injury was detected most frequently in hippocampus (in CAl pyramidal neurons), fol lowed by cortex and striatum, with no detectable injury in the thalamus.
DISCUSSION
The present results suggest that both the expres sion of c-fos and HSP-70 mRNA and the distribu tion of cellular injury following hypoxia-ischemia exhibit marked regional specificity at different stages of brain development. Although the relation ship between regional expression of c-fos and HSP-70 mRNA generation of histologic injury appears to be complex, there were several features unique for each age group in the present study.
First, in 7-day-old animals, the early, widespread expression of c-fos contrasted with the delayed, limited expression of HSP-70 mRNA. The lack of expression of HSP-70 mRN A is in apparent conflict with previous reports showing accumulation of HSP-70 protein in several regions of brain following hypoxia-ischemia (Dwyer et al., 1989; Ferreiro et ai., 1990) . However, the duration of hypoxia em ployed in the present study (2.5 h) may have been too short to trigger substantial expression of HSP-70 in 7-day-old animals. Indeed, the limited degree of histologic injury observed is consistent with the restricted expression of HSP-70 mRNA. Expres sion of HSP-70 mRN A in ventricular ependyma was similar to the presence of HSP-70 protein reported in the brain of control gerbils (Vass et al., 1988) . However, in the present study, ependymal expres sion of HSP-70 mRNA occurred only in the ipsilat eral hemisphere of animals exposed to hypoxia and thus was presumably related to the hypoxic ischemic stress. By 24 h in all age groups, expres sion of c-fos in most regions of the ipsilateral hemi sphere had returned to levels comparable to those in the contralateral hemisphere. The transient ele vation of c-fos expression is consistent with its function as an immediate-early gene (Curran and Franza, 1988; Sagar et aI., 1988) . In adult brain, expression of c-fos was reported to increase within the first hour following transient ischemia before normalizing after 3 h (Onodera et aI., 1989; Nowak et aI., 1990b) . In the present study, expression of c-fos was occasionally increased at 24 h in the hip pocampus, and was always accompanied by expres sion of HSP-70 mRNA. Thus, delayed expression of c-fos might have resulted from ongoing cellular stress. Delayed expression of c-fos in the dentate hilus and CAl has been reported previously follow ing cerebral ischemia in adult animals (Jorgensen et aI., 1989) , but others have failed to detect expres sion of c-fos persisting more than a few hours fol lowing a transient insult (Nowak et aI., 1990b) .
Contrary to the present study, previous investi gation of hypoxia-ischemia in immature rats did not detect significant induction of c-fos protein in the ipsilateral hemisphere (Gunn et al., 1990) . Rather, intense induction of c-fos protein was reported in many regions of the contralateral hemisphere, and the induction was closely associated with the pres ence of seizure activity. In the present study, ex pression of c-fos occurred predominantly in the ip silateral hemisphere, but contralateral expression was also detected in two animals. The major differ ence between the two studies was the duration of hypoxia employed. While Gunn et al. exposed 21day-old animals to hypoxia for 2 h, we employed a 30-min episode of hypoxia for 23 day olds. Our pre liminary studies indicated that 90 min of hypoxia in this age range produced severe hemispheric infarc-' tion with frequent convulsions. Thus, the absence of ipsilateral induction of c-fos protein in the study of Gunn et al. (1990) can readily be explained by a prolonged inhibition of protein synthesis that at tends severe hypoxia-ischemia in the brain of both adults (Kleihues and Hossmann, 1971; Cooper et J Cereb Blood Flow Metab, Vol. 12, No.6, 1992 al., 1977 Dienel et al., 1980) and neonates (Dwyer et al., 1987) .
In the present study, the overall expression of HSP-70 mRNA was stronger in 15-and 23-day-old animals than that in 7 day olds. Most likely, this difference is the result of the greater impact of hyp oxia-ischemia on the brain of older animals, despite the shorter duration of exposure to hypoxia. The dramatic increase in the rate of energy consumption during brain development (Duffy et al., 1975) is one factor that may lead to a greater hypoxic-ischemic stress in older animals. In addition, there may have been age-related systemic differences during hyp oxia (e.g., O2 affinity for hemoglobin) that could explain the stronger expression of HSP-70 mRNA in older animals. Finally, it is possible that the in trinsic sensitivity of HSP-70 mRNA expression to hypoxia-ischemia increases with brain maturation. However, these explanations cannot be verified on the basis of the present information.
The relationship between expression of c-fos and HSP-70 following hypoxia-ischemia is not well un derstood. In brain of adult animals, the ischemic induction of c-fos and HSP-70 have many parallels; however, the time course and topography of ex pression of the two genes may differ substantially (Nowak et al., 1990b; Welsh et al., 1992) . In the present study, a unique pattern of c-fos expression occurred in hippocampus 2 h following hypoxia ischemia in 15-and 23-day-old animals. Thus, within the dendritic field of the upper blade of the dentate gyrus, there was strong expression of c-fos without a marked increase in the expression of HSP-70 mRNA. While hybridization in the hippo campus is normally localized in the layers of pyra midal neurons or dentate granule cells, the cells ex pressing c-fos in the dendritic field remain uniden tified. Since increased expression of c-fos also occurred in entorhinal cortex, it is possible that ex citatory input through the perforant path stimulated a population of interneurons in the dendritic field. Whatever the explanation, c-fos expression in indi vidual cells must have been very intense since the cellular density is low compared to that in the py ramidal and dentate granule cell layers.
Expression of HSP-70 mRNA within the dentate granule cell layer was found to be restricted to the outer layer of cells. The reason for this segregation of expression is not clear. It has been reported that in 7-day-old rat pups, the inner layer of dentate granule cells are more vulnerable to hypoxia ischemia than the cells in the outer layer, and that this difference in vulnerability correlates with cal bindin D28K immunoreactivity (Wasterlain et al., 1988) . However, since the differences in vulnerabil-FIG. 5. Expression of HSP-70 mRNA in the den tate gyrus of 23-day-old animals at 2 h of recov ery. Brain sections were hybridized with a digoxigenin-Iabeled oligonucleotide probe spe cific for HSP-70 mRNA. Antidigoxigenin anti body, conjugated with alkaline phosphatase, was incubated with hybridized sections and re acted for alkaline phosphatase. Note the dense expression in the outer two-thirds of the layer of dentate granule cells in the ipsilateral (left) hip pocampus (8). The contralateral dentate gyrus exhibited no reaction product (b). The regional expression of HSP-70 mRNA in adjacent sec tions, hybridized with a 3 5S-labeled oligonucle otide, corresponded well with that demon strated with the immunocytochemical method. (Autoradiograms are not shown.) h ity and calbindin D28K immunoreactivity disap peared by postnatal day 18, other explanations will be required to account for HSP-70 mRNA expres sion in the outer dentate layers in 23 day olds. Fur thermore, the presence of greater amounts of cal bindin D28K in the outer granule cell layer might be expected to diminish the ischemic stress and thus decrease, rather than increase, the expression of HSP-70. The differential expression of HSP-70 mRNA in the layers of dentate granule cells may be related to intrinsic differences in the response to hypoxia-ischemia or to differences in neural exci tation occurring during or after the episode of hyp oxia.
The regional alteration in expression of c-fos and HSP-70 mRNA differs in many respects from the regional distribution of histologic injury. For exam ple, at 24 h of recovery in 23 day olds, HSP-70 mRNA expression was present in several regions undergoing injury, including neocortex, striatum, and hippocampus. Although expressed in both CAl and CA3 pyramidal neurons, histologic injury pre dominated in CAl neurons of this age group. The time course and topography of HSP-70 expression is similar to that reported for the hippocampus of adult gerbils and rats following transient ischemia (Nowak, 199 1; Simon et al., 199 1) . Thus, 23-day-old animals exhibit adult patterns of regional expres sion of c-fos and HSP-70 mRNA, as well as histo logic injury. By contrast, expression of HSP-70 mRNA in 7 day olds was not prominent at 24 h in neocortex and striatum, regions that eventually showed histologic injury. It is possible that the hy bridization method employed was not sufficiently sensitive to detect changes in expression in injured neurons that are widely scattered in the neocortex and striatum. Whatever the explanation, it is clear that regional expression of c-fos and HSP-70 mRNA is in no way predictive of the histologic fate. However, regional changes in expression of c-fos and HSP-70 mRNA may be useful markers of neu ronal activity and/or cell stress following hypoxic ischemic insults.
Finally, some comment should be made about the columnar alterations of HSP-70 mRNA expression in cerebral cortex. One of the regional patterns of histologic injury unique to the immature brain is that of columnar necrosis in the neocortex (Rice et al., 198 1) . Corresponding columnar variations in NADH fluorescence have also been demonstrated during the hypoxic-ischemic insult, indicating that columnar metabolic alterations may underlie co lumnar necrosis (Welsh et al., 1982) . The present study suggests that columnar variations in expres sion of HSP-70 mRNA in neocortex may also be related to the regional patterns of both the initial metabolic alterations and the eventual cellular in jury. a I �-fos HSP-70 FIG. 6. Expression of c-fos and HSP·70 mRNA in 23-day-old animals at 24 h of recovery. Adjacent brain sections were hybridized with 3 5S-labeled oligonucleotides specific for c-fos (a) or HSP-70 mRNA (b). Expression of c-fos was mod· erately increased in the CA1 pyramidal cell layer (a, arrow) and subiculum in the hippocampus of the ipsilateral (left) hemisphere. Strong expression of HSP-70 mRNA occurred in the subiculum. CA1, CA 3 , and CA4 of the hippocampus, and in the outer layers of neocortex in the ipsilateral hemisphere (b). Within the cerebral cortex, columnar variations in hybrid ization were present (b, arrowheads). Hippocampus FIG. 7. Regional histologic injury in animals of three differ ent ages. After survival for 1 week, animals were killed and the brains fresh frozen, sectioned, and stained with acid fuchsinithionin. Injury was graded in predetermined regions, using at four-point scale. The bars represent the percentage of animals a each grade of injury (16 animals per age group) in the cerebral cortex (Cx), striatum (St), thalamus (Th), and three subregions of the hippocampus, including the dentate granule cell layer (Den).
